An immediate need in polymer chemistry is to control the chain length of a polymer. Hence it is necessary to develop a strategy that controls the chain length of a polymer. In our present work we have tried to control the chain length of acrylic acid polymer by polymerizing it using a soft-oxometalate (SOM) based catalyst.
Introduction
The ability to control macromolecular architecture is an increasingly important area of polymer chemistry. In synthetic polymer chemistry an important goal is to develop a controlled radical polymerization process that can yield polymers with controlled and well-dened chain lengths. In the present work we have developed a new sooxometalate based on a porous frame-work hydrocalumite and a polyoxometalate [BMIm] 2 [DMMm][a-PW 12 O 40 ] (1) (where BMIm -1-butyl 3-methylimidazole, DMIm -1,3-dimethylimidazole) which polymerizes acrylic acid in a controlled manner with light. The architecture of the catalyst, determined by an array of techniques, is such that it yields polyacrylic acid of same molecular weight.
Polyacrylic acid (PAA) is a very useful compound in chemistry. It is used in pharmaceuticals, paints and cosmetics industries as an emulsifying, thickening, dispersing and suspending agent. [1] [2] [3] [4] [5] Also polyacrylic acid and its derivatives are very useful in disposable diapers. 6, 7 It is also a versatile agent in many applications, viz. in the removal of heavy and radioactive metallic ions, controlled release of reagents, 8 articial gardening etc. [9] [10] [11] [12] [13] [14] Many such applications require a PAA of controlled chain length. Therefore there is a need to synthesize PAA with controlled molecular weight and thus controlled chain length.
15, 16 Here we address this need. There are several routes to address this need. For instance different types of homopolymers and copolymers with complex architectures have become easily accessible via the route of controlled free radical polymerization (CRP). [17] [18] [19] Different techniques have been developed such as nitroxide-mediated polymerization (NMP), [20] [21] [22] reversible transfer techniques [reversible addition fragmentation chain transfer (RAFT) [23] [24] [25] [26] and macromolecular design via the interchange of xanthates, 27 MADIX9 (ref. 27 )], and atom transfer radical polymerization (ATRP). [28] [29] [30] [31] Among these free-radical polymerization processes are well known and are very useful for industrial applications. [32] [33] [34] [35] All the above methods have been applied to control the polymerization of acrylic acid by different groups. 15, 16 For instance rst attempt of controlling nitroxide mediated radical polymerization was done by Charleux group. 16 Later research has been developed using different ratio of H 2 O 2 as a catalyst.
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Also different catalytic system has been developed for controlling the chain length of polyacrylic acid.
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However there is another constraint. Not all of the above routes are green. It is now becoming increasingly important in polymer industries to develop green synthetic methods of polymerization, and photo-polymerization is one step forward in that direction. [41] [42] [43] [44] Hence the need of the hour is a greener photochemical route for synthesizing PAA of controlled chain length.
In this paper we have developed a new catalyst based on sooxometalate (SOM) [45] [46] [47] [48] [49] [50] [51] which converts acrylic acid to mono disperse polyacrylic acid in the presence of light. We have already shown in our earlier work that POM of type phosphotungstate generates radical in presence of UV-light which can act as a catalyst for radical polymerization method. 52 We have also shown that our synthesized [ [53] [54] [55] In our present work we have synthesized SOM based on 1. Our group already reported that SOM can be synthesized from 1 which forms vesicle like superstructure in water dispersion. 53 Using this superstructure as photocatalyst we could synthesize polymeric spheres. But now we want to control the chain length of polyacrylic acid, using a two component SOM and an electroactive template which will facilitate the catalytic process. With this end in view, we have chosen hydrocalumite as a template material with well dened pores and we have loaded our catalyst in those pores of hydrocalumite (Fig. 1) . The composite material [BMIm] 2 [DMIm] [a-PW 12 O 40 ]@hydrocalumite (SOM 2) is characterized by infrared spectroscopy, powder X-ray diffraction, scanning electron microscopy, elemental dispersive scattering and dynamic light scattering technique, and used this material as a photocatalyst for controlled polymerization of acrylic acid.
Hydrocalumite is a porous material, it is an ore of calcium and aluminum, and it can also be synthesized articially. Hydrocalumite is used as a catalyst for different purposes.
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General formula of hydrocalumite shown by Campos-Molina et al. is Ca 2 Al(OH) 6 Cl$2H 2 O. 57 Its structure is closely analogous to that of hydrotalcite. [59] [60] [61] It is a Ca-Cl-Al hydroxide layer. Due to the branching between two layers it forms a porous network. Porous frame-work is important as a template. On doping other materials on hydrocalumite, doped materials will go to the porous framework of hydrocalumite (Fig. 1) 
Result and discussion

Synthesis and characterization of hydrocalumite
Hydrocalumite has been synthesized using a 2 : 1 mixture of CaCl 2 and AlCl 3, which was dissolved in water. Layered hydroxide framework of hydrocalumite was prepared by slow addition of 2 M NaOH solution into the reaction mixture with vigorous stirring for a while and further stirring it for 18 h at 65 C. A white precipitate of hydrocalumite was obtained. In molecular level it forms a layer lattice type hydroxide; two layers are linked through Cl À bridge. SEM images of hydrocalumite reveals its porous surface which can be used as a host for POMs (Fig. 2a) . EDS-spectrum reveals the presence of aluminum, calcium and chlorine in hydrocalumite framework. Detailed structural characterization was obtained from X-ray diffraction of hydrocalumite which shows that it forms a hexagonal lattice structure (Fig. 3a) . We have got three characteristic peaks from X-ray diffraction analysis, which is observed due to the presence of (003), (006), (110) Miller planes in hexagonal hydrocalumite which are characteristic for hexagonal hydrocalumite. 56 The lattice parameter of hydrocalumite was also similar to the literature with a ¼ 5.749, c ¼ 23.492 (Fig. 3a) . Further we have characterized it using HATR-IR spectroscopy it shows peak at 1480, and 876 cm À1 (Fig. 3b) . We have dispersed hydrocalumite in water by sonication method. It forms a stable dispersion in water (Fig. S1a †) with dice type morphology in dispersion (Fig. 2c) . We have characterized the dispersion using DLS method ( Fig. S3 †) . Hydrodynamic radius of hydrocalumite was around 150 nm which was also similar to the radius obtained from SEM image of hydrocalumite. HATR-IR spectroscopy of the dispersion reveals that hydrocalumite is stable in dispersion over time.
Synthesis and characterization of
1 was synthesized following literature procedure 52 and was further characterized by FT-IR spectroscopy (Fig. 3b) , powder Xray diffraction analysis (Fig. 3a) we get a sharp peak at 10.190 which corresponds to (110) Miller plane. The inter planar distance was observed 8.6921Å. 1 forms vesicle like superstructure in DMSO-water mixture. 53 The hydrodynamic radius of this vesicle can be controlled by changing the polarity of system. 53 We now synthesize a new composite material based on hydrocalumite and 1, and to do so we have added 1 (DMSO solution) in a dilute dispersion of hydrocalumite.
Synthesis of hydrocalumite@[BMIm] 2 [DMIm][PW 12 O 40 ] composite (SOM 2) and its characterization
Hydrocalumite is a porous material. It has xed pores. To load 1 on the pores of hydrocalumite we slowly add 1 (DMSO solution) to a dispersion of hydrocalumite in water. Further we sonicate the reaction mixture for an hour. Aer sonication the composite material is formed in water ( (Fig. S1c †) . Upon sonication of this gel, a homogeneous dispersion is obtained. SOM 2 has been characterized in dispersion as well as in solid state. The morphology of SOM 2 in dispersion is obtained from SEM image (Fig. 2d) . SEM image of composite material is different from that of hydrocalumite. It forms symmetrical spherical superstructure in dispersion (Fig. 2d) . It further indicates that upon loading of 1 on the surface of hydrocalumite, which has cuboidal shape, turns to spheroidal shaped SOM 2, the new composite material in dispersion. We now investigate the loading of 1 on hydrocalumite by SEM and X-ray diffraction.
Pure hydrocalumite surface appears grayish. Upon loading of 1, due to enriched electron density on the surface of hydrocalumite, the surface lightens up. It looks brighter implying successful loading of electron rich 1 on hydrocalumite, to make SOM 2. This composite SOM 2 is further characterized by X-ray diffraction analysis. X-ray diffraction pattern gives characteristic information about SOM 2. From the X-ray diffraction pattern of SOM 2 it is observed that the both hydrocalumite and 1 are present in the SOM 2. Three peaks are observed at 10.855 , 18 .67 , and 28.79 (Fig. 3a) . Among these three peaks rst peak is obtained due to Bragg reection from (110) plane of 1, and other two peaks are obtained due to Bragg reections from (006) and (110) planes of hydrocalumite. All the three peaks in composite SOM 2 have shied from their original positions obtained in their pure state. This shiing in peaks indicate the formation of new composite material in reaction. Thus SOM 2 is not a physical mixture of hydrocalumite and 1 but it is a composite of the two materials. Further detailed structural information is also obtained from X-ray diffraction analysis. As in the reaction system hydrocalumite is always taken in excess and also during synthesis of SOM 2, 1 is added on hydrocalumite slowly therefore it is natural that the composite material contains unit cell of hydrocalumite. Also from X-ray diffraction pattern it is observed that the X-ray diffraction pattern of SOM 2 is quite similar with hydrocalumite X-ray diffraction pattern. Therefore composite material SOM 2 is composed of hexagonal unit cell with lattice spacing of 4.81Å between (006) planes and 3.197Å between (110) planes of hydrocalumite. The lattice parameter of newly synthesized composite material SOM 2 has been obtained from least square method, a ¼ 6.3969Å, and c ¼ 28.904Å which is different from that of hydrocalumite. Here POM 1 may be incorporated into the lattice of hydrocalumite to nally form a hexagonal lattice. Further formation of composite material SOM 2 is characterized from HATR-IR spectroscopy (Fig. 3b) . We do not get any detailed structural information from HATR-IR spectrum due to the low concentration of SOM 2 in dispersion. From the IR spectrum two peaks are obtained-one at 937 cm À1 which corresponds to W]O t stretching and second at 800 cm À1 that corresponds to W-O-W stretching. Other two peaks are obtained at 1443 and 870 cm À1 respectively, which correspond to the presence of hydrocalumite in SOM 2. All the peaks are well shied from the IR spectra of pure materials (i.e. hydrocalumite and 1), which further reveals the formation of new composite material instead of a physical mixture of hydrocalumite and 1. Furthermore hydrodynamic radius of SOM 2 has been monitored by dynamic light scattering method which shows greater hydrodynamic radius compared to hydrodynamic radius of hydrocalumite. This is also attributed to the formation of composite material in which we believe that, deposition of 1 on the surface of hydrocalumite leads to an increase in hydrodynamic radius of SOM 2 (Fig. S3 †) . Further we have measured the surface area of starting hydrocalumite as well as composite SOM 2. The surface area of hydrocalumite is 330 cm 2 g À1 while that of SOM 2 is 300 cm 2 g À1 , which indicates that loading of 1 partly blocks the pores of hydrocalumite therefore the surface ).
Polymerization of acrylic acid
Polymerization reaction of acrylic acid is performed under UV light. In each case 5 mL dispersion of SOM 2 is taken in quartz tube and 500 mL of acrylic acid is mixed & kept in UV photo reactor (l ¼ 373 nm, energy density ¼ 19 mW cm À2 ) with irradiation time of 12 h. The polymerization reaction is terminated by adding acid solution. Polymerization of acrylic acid is conrmed from GPC. Molecular weight (mass average molecular weight) of polyacrylic acid (PAA) obtained from polymerization reaction is 1.2 kDa. In this process catalyst acts as coinitiator. We have also prepared another composite catalyst material with hydrocalumite and AIBN (3). As we already know that AIBN is used as a commercial polymerization catalyst.
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The reaction follows radical pathway and when the same reaction is carried out as above for 2 hours, PAA with molecular weight of 150 kDa is obtained.
Effect of catalyst loading on the M w of the polymer
Now we are interested to observe the effect of catalyst loading on the M w of PAA. From the catalyst loading study (Fig. 3a) it is observed that for all different catalyst loading M w of all PAA are in the same range of around 1.2 kDa (Fig. 4a) while that for 3 is around 150 kDa (Fig. 4a) . Thus we conclude that for a given catalyst, chain length of PAA formed depends not on the catalyst loading in hydrocalumite-catalyst composite but it depends on the nature of catalyst or more precisely the pore size of the hydrocalumite. This is so because only pore size of hydrocalumite has remain unchanged in all the reactions for a given catalyst, while other parameters have varied. Hence for a particular catalyst at different loading of initiator catalyst in hydrocalumite, amount of initiator catalyst present on the pore is same; therefore we get constant chain length of PAA. But chain length of PAA is different for different initiator catalyst-hydrocalumite composite. This is explained by considering the amount of initiator catalyst present in the pores of hydrocalumite. As for 1 it interacts with the surface of hydrocalumite strongly through non bonded ionic interaction, thus large amount 1 is present in the pores of hydrocalumite, but in case of AIBN as it is an organic molecule its interaction with the porous surface of hydrocalumite is less therefore less amount of AIBN is held by the hydrocalumite pores. Thus SOM 2 generates large number of radicals in the reaction that leads to generation of small chain length polyacrylic acid, where as in case of 3 the situation is just the reverse. In case of 3 less number of radicals are generated therefore we get long chain length polyacrylic acid, due to lesser loading of initiator catalyst AIBN on hydrocalumite pores. 
Kinetics study of polymerization reaction of acrylic acid
We have also performed time dependent polymerization experiment with both SOM 2 ( Fig. 4b) and 3 (Fig. 4c) . Time dependent study reveals that it follows general heterogeneous catalyst kinetics. 65 Initially with increasing time polymer concentration increases rapidly. However at the later stages the rate of increment of polymerization reaction decrease with time and nally it has almost ceased ( Fig. 4b and c) . From time dependent study it is observed that 3 undergoes rapid polymerization compared to 2, this may be due to the higher activity of AIBN as compared to 1. In case of SOM 2 the extent of conversion of acrylic acid is around 33% while in case of 3 extent of conversion is around 67%. Furthermore we have studied the stability of the catalyst during the course of photo polymerization reaction.
We have performed the HATR-IR spectroscopy of SOM 2 before and aer reaction, and it is observed that the catalyst is stable throughout the course of the reaction (Fig. 5a ). As SOM 2 is stable throughout the reaction, therefore we can reuse the catalyst for further reactions. We have performed polymerization reaction with this catalyst up to 5 cycles (Fig. 5b) . The catalyst is stable up to 5 cycles (Fig. 5a) . In all cases extent of polymerization of acrylic acid is almost same and molar mass obtained in each case is also the same. Hence we can say we have developed a new sooxometalate based polymerization catalyst which is stable and can control the chain length of polyacrylic acid. Now we are in a position to describe the pathway of the polymerization reaction. Here we show a possible reaction path way (Fig. 6a) . In the composite catalyst system 1 acts as active photocatalyst, hydrocalumite does not absorb any light, and hence photochemical activity of SOM 2 solely depends on 1 (Fig. 6c) . Initially SOM 2 absorbs light and goes to the excited state SOM 2*. A Hc radical is transferred from imidazolium group to PW 12 unit. This leads to the reduction of PW 12 unit and generation of imidazolium radical cation. This imidazolium radical cation further initiates the radical/cationic polymerization process. The reduced PW 12 unit is again oxidized by air when we keep the sample in open air. To prove that the reaction follows radical path way we have performed EPR spectroscopy at intermediate stages of the reaction (Fig. 6b) which gives a peak in the spectrum and it indicates presence of radical in the reaction mixture. Further proof that the reaction proceeds through a radical pathway and has been proved by using catechol in the reaction system, in presence of catechol quenching of radicals, inhibit polymerization reaction altogether which indicates the reaction follows radical pathway (Fig. 6d) .
Conclusion
To summarize here we have introduced a new designed softoxometalate, which is formed from two component materials, viz., a porous template (i.e. hydrocalumite) and a polyoxometalate i.e. 1. We have prepared it just by simple sonication. The polyoxometalate 1 goes to the pores of hydrocalumite and forms the sooxometalate in water. This sooxometalate forms stable dispersion in water, and it is characterized by X-ray diffraction, SEM-EDS, HATR-IR, Raman spectroscopy. The composite SOM 2 is used as a photo catalyst in the polymerization of acrylic acid. It can control the chain length of polyacrylic acid. The chain length of polymer depends on the interaction of POMs with the pores of hydrocalumite. More favorable is the interaction higher is the loading of POM 1 on hydrocalumite. Higher the loading more radicals are generated and hence lower is the M w of PAA produced. In case of SOM 2 (with POM 1) as catalyst, the PAA M w is 1.2 KDa for all catalyst loading. However as we change POM 1, with AIBN, as AIBN has unfavorable interaction with hydrocalumite and hence lesser loading of AIBN take place with hydrocalumite composite (3) . For all loading with AIBN based catalyst the M w of PAA is obtained to be 150 kDa, since the radical concentration in this case is low. In short we have exploited the interaction of an oxometalate in a SOM, based on hydrocalumite to control polymer chain length. This method may be explored to all layer double hydroxide for controlling polymer chain lengths, in cationic as well as in radical polymerization.
Experimental procedure
Material and reagents
All the materials were purchased from commercially available sources and used without further purication. All the glasswares were rst boiled in acid bath then washed with water and nally cleaned with acetone. They were properly dried in hot air oven over-night. We have used doubly distilled deionized water in all the experiments.
Synthesis of hydrocalumite and dispersed it in water
Hydrocalumite was synthesized by following the typical method, 2 M NaOH solution was added dropwise to a mixed aqueous solution of calcium chloride (2 mM) and aluminium chloride (1 mM) at 65 C under vigorous stirring. The concentration of metal ion was adjusted to 0.66 mol L À1 , and nally reaction pH was adjusted at 11.5. The resulting precipitate was kept at 65 C for 18 h. Aer that the reaction mixture was cooled at room temperature and ltered through glass irt. Further the precipitate was washed with 200 mL of doubly distilled water and dried under vacuum. Further it was dried at 100 C for one day. Solid hydrocalumite was obtained and used for catalysis.
Preparation of dispersion of hydrocalumite 20 mg of hydrocalumite was mixed in 5 mL of doubly distilled water and further sonicated at room temperature for an hour; a homogeneous dispersion of hydrocalumite was obtained. To prepare 2 we have rst prepared a dispersion of hydrocalumite (2 mg mL À1 ). Further 20 mg of 1 was dissolved in 2 mL DMSO. Now 1 was added (different proportion) in a 5 mL dispersion of hydrocalumite (2 mg mL À1 ) and further 5 mL water was added. Then the reaction mixture was sonicated for an hour. The composite material 2 was formed as a homogeneous dispersion in water. The dispersion kept for a day formed gel at the bottom of the reaction container which further indicated the formation of composite material, if we have further sonicated this gel it again formed stable dispersion in water (Table 1) .
General procedure of sonication 10 mL sample is taken in a sealed vial, and placed it in an ultrasonicator chamber which contained 200 mL of water. We have sonicated the sample in it for one hour.
General procedure of photo polymerization of acrylic acid
In a quartz tube, 5 mL dispersion of SOM 2 has taken in a quartz tube. 0.5 mL acrylic acid was added to the catalyst and shaken well to mix it properly. The reaction mixture was sealed and bubbled with nitrogen for half an hour. Then the reaction mixture was kept in the photo reactor (energy density ¼ 0.19 mW cm À2 , l ¼ 373 nm) for 12 h. Aer 12 h reaction was terminated by adding dilute acid solution. Further the solvent was evaporated in vacuum. A solid residue of polyacrylic acid and SOM 2 was present in the reaction chamber. Polyacrylic acid was dissolved in water and it was separated from SOM 2 via centrifugation. Solid SOM 2 was present in the bottom of centrifuged tube which was further washed ve times with water to remove polyacrylic acid completely (removal of PAA was conrmed from FT-IR spectroscopy). Further we have dispersed the catalyst in water again and performed the polymerization of acrylic acid in the next cycle.
Characterization techniques
Scanning electron microscopy & EDS. The images were recorded with a SUPRA 55 VP-41-32 Scanning Electron Microscope and analyzed by using the Smart-SEM version 5.05 Zeiss soware. SEM sample was prepared by drop casting very dilute dispersion onto a silicon wafer and drying in dust free area. We have ground the samples to record the SEM image for solid sample.
HATR-IR. IR spectrum was recorded in Perkin Elmer Spectrum RX1 spectrophotometer with a facility horizontal attenuated total reection set up spectrophotometer in the range of 4000 cm À1 to 500 cm À1 . To record the IR spectrum we have put the sample on a zinc selenite plate. Powder X-ray diffraction. We have ground the sample very well to measure the powder X-ray diffraction. Data was recorded with in a range of 5 to 40 angle. The X-ray diffraction measurements were performed with a Rigaku (mini ex II, Japan) powder X-ray diffractometer having Cu Ka ¼ 1.54059Å radiation. Raman spectroscopy. A LABRAM HR800 Raman spectrometer was employed using the 633 nm line of a He-Ne ion laser (l ¼ 633 nm) as the excitation source to analyze the sample.
Dynamic light scattering (DLS). DLS experiments were performed using Malvern Zetasizer instrument using a 633 nm laser.
Electron paramagnetic resonance spectroscopy (EPR). A very well ground sample was poured into thin EPR tube. X-band EPR spectrum was measured at room temperature on Bruker A 300 electron paramagnetic resonance instrument.
Surface area measurement. Surface area has measured on Micromeritics Gemini VII surface area analyzer.
Molecular weight determination of polyacrylic acid. Molecular weight of the polyacrylic acid was measured by PL GPC 50 at 25 C using water as eluent against polyacrylic acid standards, ow rate: 1 mL min À1 , sample concentration: 1 mg mL À1 .
Molecular weight was determined using Consenxus S1125 HPLC PUMP SYSTEM with RI detector. 
